At the end of World War II, a severe 5-mo famine struck the cities in the western part of The Netherlands. At its peak, the rations dropped to as low as 400 calories per day. In 1972, cognitive performance in 19-y-old male conscripts was reported not to have been affected by exposure to the famine before birth. In the present study, we show that cognitive function in later life does seem affected by prenatal undernutrition. We found that at age 56 to 59, men and women exposed to famine during the early stage of gestation performed worse on a selective attention task, a cognitive ability that usually declines with increasing age. We hypothesize that this decline may be an early manifestation of an accelerated cognitive aging process.
developmental origins | fetal | nutrition | cognition | aging C hronic mild caloric restriction is one of the most effective ways of postponing aging and increase lifespan, as shown across species (1) . Restricting caloric intake seems to beneficially affect several body systems, including the central nervous system, maintaining cognitive function in older age (2) . In sharp contrast, it has been shown in animals as well as humans that caloric restriction occurring before birth has various negative effects on mental and physical health in later life (3) . Evidence for a negative effect of prenatal caloric restriction on cognitive function has been shown in animals, and studies in humans have demonstrated effects of prenatal diet variation in micronutrients on childhood cognitive function (4) (5) (6) (7) (8) (9) (10) . Little is known about the consequences of prenatal nutritional deprivation on cognitive health in later human life.
During the winter of 1944 to 1945, the western part of The Netherlands was struck by a period of severe food scarcity. The famine was a consequence of an embargo on the food transports imposed by the German occupying forces as retaliation for a strike of the Dutch railways, aimed at hampering transport of German troops. The previously and subsequently well-nourished Dutch population's daily rations dropped acutely to as little as 400 to 800 calories during the 5 to 6 mo of famine. The famine was a humanitarian disaster, but left the opportunity to study the effects of maternal malnutrition on the offspring's health in later life.
In their landmark study of long-term consequences of prenatal exposure to the Dutch famine for cognitive function among 19-yold conscripts, Stein et al. found no effects on the ability for abstract reasoning rates or on rates of mental retardation (11) . At later ages, between 50 and 58 y, we found convincing evidence that prenatal exposure to famine increases the risk of coronary heart disease and type 2 diabetes (12) . As these are aging-associated diseases, we hypothesized that exposure to the famine in utero may lead to an age-associated decline in cognitive function in later life.
We set out to investigate this hypothesis in the Dutch Famine Birth Cohort, which consists of men and women born as term singletons in the Wilhelmina Gasthuis, a local teaching hospital in Amsterdam, The Netherlands. We measured several aspects of cognitive function in cohort members at the age of 56 to 59 y. The measures of cognitive function we used included a general intelligence test [the Alice Heim test, fourth version (AH4)], a memory task (paragraph recall), a perceptual motor-learning task (mirror drawing), and a selective attention task (a Stroop-like color-word incongruency task). We compared these measures between those exposed and those unexposed to famine during gestation, based on the criteria we have used in all of our previous studies of the Dutch Famine Birth Cohort. Additionally, to compare the results from the present study with those of the 1972 study of Stein et al. (11), we applied the criteria of exposure to famine as used in their study.
Results
Of the 737 participants, 297 (40%) had been exposed to famine in utero (Table 1 ). People exposed to famine in mid or late gestation were lighter and had smaller head circumferences at birth than those unexposed to famine during gestation (all P < 0.01). People exposed to famine during early gestation had a somewhat longer gestational period (P = 0.02). Interestingly, those exposed to famine during any stage of gestation had significantly smaller adult head circumference (all P < 0.05).
As expected, education and adult socioeconomic status (SES) were highly positively correlated with cognitive performance (Table 2). Being male was strongly correlated with better performance on most of the cognitive measures, as was a larger adult head circumference. Smoking, alcohol consumption, and a higher score on the Hospital Anxiety and Depression Scale showed negative correlations with performance elements of all four cognitive tests. Head circumference at birth showed small positive correlations with performance on the AH4 and the Stroop-like task only. Birth weight was not associated with any of the four cognitive measures.
Participants who had been prenatally exposed to famine performed worse on the Stroop-like task compared with unexposed participants (Table 3 ). The median score of those exposed was 33.0 compared with 43.5 in those unexposed to famine in utero [β = −30 (95% confidence interval [CI] : −60 to 0, P = 0.047)] derived from regression analysis on ranked scores, adjusted for sex. The effect was largest and statistically significant in those exposed to famine during early gestation Following the criteria of prenatal famine exposure as applied by Stein et al. (11) , those exposed to famine in utero also per- There were 96 participants who had a faster than average reaction time and also less than 40% correct responses, making it likely that they were inattentive or indifferent to the Stroop-like task. Individuals exposed to famine during early gestation were more likely to be among this group [odds ratio = 2.1 (95% CI: 1.1-4.1), P = 0.029]. However, after excluding inattentive and indifferent participants, the effect of early exposure to famine on performance on the Stroop-like task was sustained [β = −80 (−142 to −17), P = 0.012].
Prenatal famine exposure was not significantly associated with performance on the other cognitive measures of AH4, memory Data are given as frequencies, means (SD) or medians (interquartile range, IQR). HADS, Hospital Anxiety and Depression Scale;.SES, socioeconomic status. Shaded areas indicate the groups exposed to famine during gestation compared with the control groups unexposed to famine during gestation. *Statistically significant difference (based on linear regression analysis, P < 0.05, adjusted for sex) compared with participants unexposed to famine during gestation. † Educational level measured on a 10-point scale (1 = primary education not completed, 10 = university completed). ‡ Data given as median (IQR). Correlations are Spearman's rank correlations and point biserial correlations [sex (female = 0, male =1)]; B-SES (head of household has nonmanual occupation =0, head of household has manual occupation = 1); smoking (nonsmoking = 0, smoking = 1); alcohol consumption (less than 1 glass a week = 0, more than 1 glass a week = 1). *P for correlation < 0.05. **P for correlation < 0.01.
† Correlations are point biserial.
‡ Educational level measured on a 10-point scale (1 = primary education not completed, 10 = university completed).
task, and mirror task (irrespective of the criteria used for famine exposure).
Discussion
Our results demonstrate that maternal malnutrition during fetal life may negatively influence aspects of cognitive function in later life, as suggested by lower performance of men and women in utero during the famine on a Stroop-like task. Stroop-like tasks require selective attention to inhibit an automatic reaction to the advantage of a nonautomatic one, a function situated in the prefrontal cortex generally declining with age (13) (14) (15) . We suggest that the poorer selective attention performance in those exposed to famine in early gestation is caused by early aging. However, there is a chance that the deficit has always been there. The only way to establish this is by further testing at a later age. In line with the results of Stein et al. (11), we found no effects of prenatal famine exposure on general intelligence, nor did we find effects on memory function and perceptual motor learning. However, if the decreased selective attention in those exposed to famine in early gestation is an early manifestation of an accelerated aging process, we may expect to find differences in other cognitive functions at a later age. Recently, error rate on a trial-by-trial computerized Stroop task was shown to be a strong predictor for conversion to Alzheimer's disease even before memory deficits were present (16) .
We can only speculate on the pathophysiology of the association between prenatal famine exposure and poorer selective attention. Famine exposure in early gestation has been associated with increased schizophrenia, schizoid personality disorder, and whitematter hyperintensities (17) (18) (19) . The lower Stroop scores achieved by people suffering from schizophrenia have been suggested to be caused by a dysfunction of the anterior cingulated gyrus, which may play an important role in selective attention (20, 21) . White-matter lesions have also been associated with reduced Stroop task performance (22, 23) and increase with age, supporting the abovementioned suggestion that the decreased Stroop performance in those exposed to famine in early gestation is because of an accelerated aging process.
Regardless of the criteria for famine exposure used, the data suggest that those exposed to malnutrition during the first part of pregnancy are most vulnerable to its effects on selective attention performance. Because the central nervous system is structurally formed in the beginning of gestation, this finding may not come as a surprise. Direct devastating effects of famine exposure during early gestation are illustrated by the increased prevalence of congenital abnormalities reported by Stein et al. in 1975 (24) .
An alternative explanation for the association between prenatal famine exposure and poorer selective attention may be vascularrelated rather than neurodegenerative. Evidence shows that agerelated cognitive decline is associated with atherosclerosis and other vascular damage (25, 26) . We have previously demonstrated that exposure to famine during early gestation is associated with a more atherogenic lipid profile and an increased risk of coronary heart disease (12) . Prenatal undernutrition may possibly lead to poorer selective attention performance via increased vascular damage. The reported increase in white-matter lesions among those prenatally exposed to famine also fit this explanation, as white-matter lesions are strongly related to cardiovascular risk factors and disease (19, 27) .
In addition to effects of prenatal famine exposure on selective attention, we found that exposure during any stage of gestation was associated with a smaller head circumference at the ages of 56 to 59 y. Head size is related to brain size and reduced size has been associated with decreased cognitive abilities in the elderly (28) . Indeed, the present study results showed associations between small adult head circumference and reduced cognitive task results. Although we found no evidence that adult head circumference mediates the associations between prenatal famine exposure and cognitive task results, the link between exposure to famine in utero and adult head circumference is in itself an interesting observation. In a previous study performed on subjects at age 50 y, we did not find differences in head circumference (29) . In search of an explanation, we found that head circumference decreased with age and this was more so among those prenatally exposed to famine (during all periods of gestation) (Table S1 ). We cannot explain why head circumference seemed to diminish more in the groups exposed to famine during fetal life. In the literature we found no studies reporting repeated measurements of head circumference with age. This correlation may be because of changes in the skull, increased skin atrophy, hair loss, or redistribution of facial fat. In future studies, we will further investigate this matter. A number of methodological issues should be considered. Sample size was small. The number of participants exposed to famine during early gestation was only 64. Although the reported effect was strong, it could have been because of chance. About 60% of eligible cohort members participated in the study. Selective participation may therefore present a source of bias; however, birth weights of participants and nonparticipants did not differ. Participation rate in the group exposed to famine in early gestation was somewhat lower compared with most other groups, but if this is a reflection of a poorer (mental) health status, this would probably only have led to an underestimation of the effect. A further limitation may be that we did not use the classic Stroop task-card version with a control and a test trial. Instead, we used a computerized, single-trial Stroop-like task in which the interference effect may be lessened. However, if so, this again would have led to an underestimation of the reported effect rather than an overestimation (30) . A final limitation is that we cannot be absolutely certain that the reported effects are because of prenatal undernutrition. Prenatal stress may provide an alternative explanation. On the other hand, we did not find differences in cognitive function between people who were born before the famine and those conceived after the famine, whereas we would expect these differences because mothers of individuals born before famine experienced stressful war circumstances during pregnancy and mothers of those conceived after famine did not.
In conclusion, the current work suggests that prenatal undernutrition negatively influences selective attention ability in later life. We suggest that this may be an early manifestation of an accelerated cognitive aging process, which we will further investigate by future examinations in the present cohort.
Materials and Methods
The Famine. The Dutch famine was a consequence of a cascade of events that happened at the end of World War II. Although the southern part of The Netherlands was already liberated by the Allied forces, liberation of the northern part of The Netherlands came to a halt when Operation Market Garden, aimed at gaining control of the bridge across the Rhine at Arnhem, failed. To support the Allied offensive, the Dutch government in exile had arranged a strike of the national railways to hamper movement of German troops. In turn, as a reprisal, the German administration put an embargo on all food transports. In early November 1944 this embargo was partially lifted by allowing transport of food across water. At that time, however, an unusually early and severe winter had set in and all canals were frozen. Food stocks in the western cities of The Netherlands ran out rapidly and rations fell below 1,000 calories per person on November 26, 1944 . The amount of protein, carbohydrate, and fat decreased more or less proportionately. The rations varied between about 400 and 800 calories from December 1944 to April 1945, and rose above 1,000 calories again after May 12, 1945, 1 wk after the liberation by the Allied forces (31, 32) . In addition to the official rations, food also came from other sources (e.g., church organizations, central kitchens, and the black market). People may have had access up to double the rationed amount at the peak of the famine. The rations do, however, adequately reflect the fluctuation of food availability during the famine. Children younger than 1 y of age were relatively protected, as their rations never fell below 1,000 calories. Before the famine pregnant women received extra rations, but during the famine these extra supplies were no longer available. Because of a shortage in fuel, the shutting down of the production of gas and electricity, and in some places even a lack of water, most women gave birth in the hospital.
Participants. All singleton babies born alive in the Wilhelmina Gasthuis (a teaching hospital in Amsterdam, The Netherlands) between November 1, 1943 and February 28, 1947 were candidates to be included in the Dutch Famine Birth Cohort. We excluded those whose birth records were not available (1%) or those who were born prematurely (8.9%, gestational age below 259 d). In all, 2,414 men and women were included. The population registry of Amsterdam traced 2,155 (89%) of the 2,414 included babies. Of these, 160 babies had not been registered in Amsterdam at birth, 328 people had died, 213 people had emigrated, 157 people refused permission to record their address, 125 people were not traceable to a current address, and 8 people requested their address be removed from the study's database. At the start of the study, 1,423 individuals (66%) were eligible for participation. We invited them by mail to participate in the study. A total of 860 (60%) took part in the study, of whom 120 were visited at home or interviewed by telephone because they were physically or mentally unable to visit the clinic. This group did not participate in the cognitive measurements. For 738 of the 740 remaining participants, a least one cognitive measure was available. Birth weights of the 738 participants did not differ from eligible individuals who did not participate [3,364 g (SD 464) vs. 3,341 g (SD 490), P = 0.36]. There was one person with a self-reported history of schizophrenia. Because of known negative associations between schizophrenia and performance on a Stroop-like task (20), we excluded this person from our analyses. Unfortunately, we had no data on whether male members of the Dutch Famine Birth Cohort were also participants in the study by Stein et al. (11) , making any comparison impossible. The local Medical Ethics Committee of the Academic Medical Center of the University of Amsterdam approved the study, which was conducted Exposure. The official daily food-rations for the general population of 21 y and older were used to define exposure to famine (31, 32) . In correspondence with all previous publications on the Dutch Famine Birth Cohort (12), we considered a person prenatally exposed to famine if the mother's average daily food-ration during any 13-wk period of gestation contained fewer than 1,000 calories. Therefore, we considered babies born between January 7, 1945 and December 8, 1945 as exposed to famine in utero. We delineated periods of 16 wk each to differentiate between those exposed in late gestation (born between January 7 and April 28, 1945), in mid-gestation (born between April 29 and August 18, 1945) and in early gestation (born between August 19 and December 8, 1945) . People born before January 7, 1945 and after December 8, 1945 were considered unexposed to famine in utero. In the original article by Stein et al. (11) , prenatal exposure to famine was based on the month of birth, with shorter than 13-wk periods of exposure to famine also included in the definition. Stein et al. considered those born between November 1944 and January 1946 as exposed to famine in utero. Cohort members born between January and July 1944 (A1) and between August and October 1944 (A2) were considered as conceived and born before the famine; those born between November 1944 and January 1945 (B1) were considered as exposed for the third trimester of gestation; those born between February and April 1945 (B2) as exposed for the second as well as the third trimesters; those born between May and June 1945 (C) as exposed during the middle 6 mo of gestation; those born between July and September 1945 (D1) as exposed during the first and second trimesters; those born between October 1945 and January 1946 (D2) as exposed for only the first trimester; and those born between February and May 1946 (E1) and between June and December 1946 (E2) as never exposed to famine. For a schematic overview of the definition of exposure status for the two study cohorts, see Table 5 .
Study Parameters. Birth characteristics were retrieved from medical birth records (33) . SES at birth (B-SES) was defined according to the occupation of the head-of-household. At around age 58, participants were invited for a datacollection protocol that included anthropometry and a standardized interview, which yielded information on education level, current SES (C-SES), medical history, use of medication, and lifestyle. Head circumference was measured as the distance around the largest part of the head with a flexible tape measure. Educational level was measured on a 10-point scale (Table S2 ). C-SES was defined according to the International Index of Occupational Status 92, which is based on the participant's or their partner's occupation, whichever status is highest (34) . We asked the participant about current smoking and whether he or she consumed alcohol. We considered drinking at least one glass of alcohol per week a positive answer. As a measure of depression and anxiety symptoms, we took the total score on the Hospital Anxiety and Depression Scale (35) .
Cognitive Function. We measured cognition in four domains: general intelligence, episodic memory, perceptual motor learning, and selective attention. Alice Heim test, fourth version. The AH4 (36) measures general intelligence. This test was chosen because it was previously used in a study to measure the association between birth weight (a summary measure of prenatal nutritional status) and cognitive function at adult age (37) . The AH4 comprises 65 verbal and mathematical reasoning items of increasing difficulty. We measured the time it took the participant to complete each test item in seconds and the number of correct and incorrect responses. We calculated the percentage of correct responses. Paragraph encoding and recall. Paragraph encoding and recall measures episodic memory. We chose this test because it is easily administered and frequently used in memory research. Two paragraphs were orally presented (prerecorded on tape). Participants were told to remember as many story elements as possible and asked to reproduce the story immediately and 30 min later. The number of correctly retrieved elements was recorded (immediate memory) and the percentage retained from the immediate to the delayed condition was calculated (retrieval). Mirror drawing task. The mirror drawing task measures perceptual motor learning. This task was part of a psychosocial stress protocol performed in the cohort. Participants were instructed to copy a star-like shape that was only visible to them in a mirror. They were encouraged to copy as many stars as possible in 5 min. We measured the number of rounds completed and number of errors made and calculated the number of errors per round. Stroop-like task. The Stroop-like task measures executive function, specifically selective attention. This task was again part of a psychosocial stress protocol performed in the cohort. We used a short computerized version of a single trial Stroop-like task (13, 14) . A name of a color was presented in one of four different ink colors (i.e., the word "blue" printed in yellow ink). Participants had 5 s to name the color of the ink and to choose the correct option out of four names of colors printed in different ink colors. Total test time was 5 min. Time of responding to each item in seconds was recorded, as well as the number of correct and incorrect answers. We calculated the percentage of correct answers.
Statistical Analyses. We calculated Spearman's ρ or point biserial correlations between the results on the cognitive tests, birth, and adult characteristics ( Table 2 ). To assess associations between prenatal famine exposure and cognitive functioning, we applied linear-regression analysis. We adjusted for sex in all analyses. In additional analyses of statistically significant associations between prenatal famine exposure and cognitive test results, we corrected for potential confounders. As potential confounders, we included birth and adult characteristics that showed a correlation with the test outcomes. Variables with a skewed distribution were log-transformed before analyses and are given as medians and interquartile ranges. Transformation did not normalize the distribution of the variables number of rounds and errors on the mirror task and percentage-correct on the Stroop task. We therefore ranked the scores on these variables and used these in the regression model. In secondary analyses, we tried to rule out the influence of very fast reaction times to the Stroop stimuli as a result of indifferent or inattentive task performance. We therefore excluded participants with faster than average reaction times but also less than 40% correct responses. We considered differences to be statistically significant with P-values ≤ 0.05.
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